Emerging CsPbX 3 (X ¼ Cl, Br, and I) perovskite nanocrystals (NCs) have been demonstrated to be efficient emitters with a high fluorescence quantum yield, making these materials interesting for optical applications as well as for fundamental physics. Interestingly, doping with transition metal ions has been extensively explored as a way of introducing new optical, electronic, and magnetic properties, making perovskite NCs much more functional than their undoped counterparts. However, there have been no reports regarding the nonlinear optical properties of transition metal ion doped perovskite NCs. Herein, by using femtosecond-transient absorption spectroscopy, we have determined the one-photon linear absorption cross-section ($1.42 Â 10 À14 cm 2 ) of Mn-doped CsPbCl 3 NCs ($11.7 6 1.8 nm size, $0.2% doping concentration, and $600 nm emission wavelength). More importantly, their nonlinear optical properties-in particular, the two-photon absorption (TPA) and resultant emission-were investigated. Notably, the NCs exhibit wavelength-dependent TPA with a maximum value up to $3.18 Â 10 5 GM at a wavelength of 720 nm. Our results indicate that Mn-doped CsPbCl 3 NCs show promise in nonlinear optical devices and multiphoton fluorescence lifetime imaging. Published by AIP Publishing. https://doi.org/10.1063/1.5008437
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Semiconductor nanocrystals (NCs) have attracted much interest in both fundamental science and for applications, e.g., solar cells, light emitting diodes, lasers, or sensors. [1] [2] [3] By virtue of the 3D quantum confinement effect, NCs possess a size-tunable emission wavelength, well-separated delta function-like density of states, large optical oscillator strength, and nonlinear optical properties. [4] [5] [6] Ever since their emergence in 2014, perovskite NCs have aroused great attention in a short time and have become an important type of semiconductor NCs for various optoelectronic devices. 7 Numerous studies have already demonstrated that perovskite NCs might be promising in multiphoton bioimaging, if their sensitivity to moisture and polar solvents can be overcome. [8] [9] [10] [11] It is a remarkable fact that Wei et al. reported superior water resistance and high stability of perovskite NCs by encapsulation in crosslinked polystyrene beads via a swelling-shrinking strategy, which ensures the suitability of their practical applications in multiphoton bioimaging. 12 Currently, much effort has been expended on developing multiphoton excited fluorescence of perovskite NCs from an excitonic state with a lifetime in the order of a nanosecond. [8] [9] [10] [11] However, such a short lifetime is disadvantageous for multiphoton bioimaging due to the strong autofluorescence from biological tissues. Therefore, there is still a great need to achieve new perovskite NCs working over long lifetimes in the order of microseconds to milliseconds (ms). Now, it appears that doping with transition metal ions into NCs, such as Mn 2þ or Cu 2þ , seems to be among the most favorable candidates for multiphoton fluorescent probes in biomedical applications. [13] [14] [15] Furthermore, doping of Mn 2þ ions in semiconductor NCs is known to achieve emission wavelengths in the range of 585-600 nm, which is an additional advantage for bioimaging applications compared to their blue or green counterparts. More interestingly, doping of Mn 2þ ions in NCs can also lead to longer lifetimes up to ms, enabling the temporal discrimination of the signal from the autofluorescence background. 16 Doping may also change multiphoton absorption (MPA) properties of NCs by forming defect levels in the bandgap. 17 Hence, the large MPA of Mn 2þ -doped semiconductor NCs is appropriate for highresolution cellular imaging and in vivo tumor-targeting imaging. 16 However, the role of Mn 2þ defect levels in modifying the MPA properties of perovskite NCs has not been investigated. Here, we report on the nonlinear optical properties of Mn 2þ -doped perovskite (CsPbCl 3 :Mn) NCs using the Z-scan technique. Our results suggest that doping of Mn 2þ ions in perovskite NCs can lead to large two-photon absorption (TPA) action cross-sections with fluorescence lifetimes in the order of ms, indicating their promising applications in multiphoton bioimaging, especially in multiphoton fluorescence lifetime imaging.
The detailed fabrication process of the CsPbCl 3 :Mn NCs adopted here can be found in Ref. 18 , and the Mndoping concentration determined from elemental analysis is $0.2% for CsPbCl 3 . Figure 1 The linear absorption cross-section (r lin ) is an important factor that is used to determine the molar concentration and TPA cross-sections of semiconductor NCs. However, most r lin values of semiconductor NCs have been determined from Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES), which is very challenging due to their size and composition inhomogeneity and the disturbance from the indispensable surface ligands. As a result, the reported TPA cross-sections varied by up to one order of magnitude among semiconductor NCs even within the same class. 6, 9 Here, we attempt to estimate the r lin value of CsPbCl 3 :Mn NCs from the excitation intensity-dependent one-photon induced ground state bleaching (GSB) signals by using femtosecond-transient absorption (fs-TA) spectroscopy. 19 The pump pulses at 350 nm were generated by an optical parametric amplifier (Topas, Light Conversion). The probe pulses in the wavelengths between 350 and 800 nm were achieved by supercontinuum generation from a thin CaF 2 plate. The excitation intensity-dependent fs-TA kinetics for the wavelength of the maximum GSB of CsPbCl 3 :Mn NCs were probed [ Fig. 3(a) ]. After fast Auger recombination within the initial hundreds of picoseconds, NCs will contain only a single exciton in the following time period, which is demonstrated by the parallel decay lines from all the excitation intensities after a long time delay (>0.5 ns). The GSB signal amplitude at different excitation intensities varies according to the following equation:
where A(I/I 0 ) denotes the GSB signal amplitude of CsPbCl 3 :Mn NCs after a long time delay as a function of excitation intensity, and I 0 is the minimum excitation intensity used in the fs-TA experiment. 19 As shown in Fig. 3(b) , the excitation intensity-dependent GSB signal amplitude with a delay time of 1 ns could be well fitted with Eq. (1) at 720 nm, the CsPbCl 3 :Mn NCs emitted red fluorescence from hexane solution (inset of Fig. 4 , with the excitation light blocked by a low-pass filter). Since linear absorption beyond 410 nm was absent for the studied CsPbCl 3 :Mn NCs, the observed fluorescence was thus plausibly attributed to TPA. Such a mechanism was further confirmed through measurements of the power-dependent fluorescence intensity (Fig. 4) . The inset of Fig. 4 depicts the logarithmic plot of the emission integral versus the pumped power with a slope of around 2, suggesting a TPA mechanism. It was interesting to note that the emission from the host was stronger than that from the Mn 2þ defect state excited at 350 nm but was completely quenched when excited at 720 nm, indicating a more efficient two-photon excited energy transfer compared to the case of one-photon excitation. 20 The different spectral behaviors under one-and two-photon excitation arise because the TPA cross-sections of the donor (the host) and the acceptor (Mn 2þ ions) were different from those under one-photon excitation. 21 The TPA cross-sections of CsPbCl 3 :Mn NCs were determined by the open-aperture Z-scan technique introduced by Sheik-Bahae et al., 22 and the corresponding TPA spectra calculated on the basis of the Z-scan technique are presented in Fig. 5 . Larger values for the TPA cross-section were observed in the short wavelength range of 680 to 730 nm, peaking at 720 nm with r 2 ¼ 3.
Based on the analysis of the r 2 values for wavelength dispersion, we noticed that the maximum TPA cross-section appears to be significantly blue-shifted with respect to the first exciton peak in the linear absorption spectra multiplied by a factor of two. Shifting of the TPA maxima towards higher energy was concluded to be a consequence of different selection rules for one-and two-photon transitions. 23 The two-photon excitation action cross-section (r 2 ÁQY) of per individual CsPbCl 3 :Mn NC, the parameter relevant for nonlinear bioimaging, was equal to 95 400 GM at 720 nm. This value is 1-2 orders of magnitude higher than the values of two-photon brightness for -NH 2 modified graphene oxide conjugates ($16412 GM), 24 colloidal InP/ZnS core-shell NCs ($2418 GM), 25 stilbene chromophore ($380 GM), 26 and diketopyrrolopyrrole derivatives ($1011 GM). 27 From the previous report, it is known that TPA crosssections correlate strongly with NC size and follow a powerlaw dependence on NC size with exponent $3. 19 Compared to similarly sized pure CsPbBr 3 NCs with green emission ($1.2 Â 10 5 GM), 5 the CsPbCl 3 :Mn NCs even exhibit comparable TPA. Additionally, when using the light power intensity of 2.4 GW/cm 2 , the TPA signal of the blue emissive host (CsPbCl 3 ) NCs is submerged in noise while the signal of CsPbCl 3 :Mn NCs can be easily detected. It can be concluded that the upper limit of TPA for CsPbCl 3 NCs should be less than 12000 GM. Such a large TPA of CsPbCl 3 :Mn NCs indicates that doping with Mn 2þ ions can effectively modify their TPA due to the sufficiently strong exchange coupling between the charge carriers of the host and dopant d electrons mediating the energy transfer and considerable enhancement in the density of states of the defect levels. 13, 17, 21, 28 It is well known that different Mn-doping concentrations may result in distinct optical properties of semiconductor NCs. The relevant experimental investigations are not available in this work and are now in progress. Even so, we may find conclusions from previous reports. 17, 29 The increase in the doping concentration in a certain range can help to further decrease the local field correction factor, which will induce enhancement in the TPA of CsPbCl 3 :Mn NCs. 29 Furthermore, the lifetime of the $600 nm fluorescence of CsPbCl 3 :Mn NCs should decrease with the increase in the doping concentration, as a result of the increase in the oscillator strength. 17 In conclusion, we have determined the linear absorption cross-section of emerging all-inorganic CsPbCl 3 :Mn NCs using fs-TA spectroscopy. More importantly, based on the obtained experimental results, we have investigated their TPA properties by using the Z-scan technique. Considering the extremely strong two-photon brightness and ultralong fluorescence lifetime from the Mn 2þ defect state of CsPbCl 3 :Mn NCs, the reported TPA properties of these NCs can effectively widen their possible applications in bioimaging, especially in fluorescence lifetime imaging.
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